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Virus-Assembled Biofunctional Microarrays with
Hierarchical 3D Nano-Reticular Network

Lei Tian, Shadman Khan, Amid Shakeri, Kyle Jackson, Ahmed T. Saif, Fereshteh Bayat,
Leon He, Jimmy Gu, Yingfu Li, Tohid F. Didar,* and Zeinab Hosseinidoust*

Three-dimensional (3D) hierarchical wrinkled materials built with biological
entities have so far remained exclusive to nature. Herein, multiscale
functional ultraporous 3D bio-networks of bioprinted phage-built wrinkled
microarrays are created through establishing a universal heat- and
solvent-independent substrate-shrinkage method induced by high-pressure
carbon dioxide (HPCD). This method results in diverse wrinkled patterns on
soft materials and is particularly powerful for solvent- and heat-sensitive
biomaterials, for which other methods have failed. The phage nanofilaments
(7 nm width) self-assemble into orderly-aligned submicron bundles (100 nm
width), which crimp into tunable microscale wrinkles (0.7–5.0 μm width) on
size-controllable micro-arrays (200–600 μm width) exhibiting a four-level
hierarchical nano-reticular structure. The HPCD method also protects the
bioactivity of biorecognition molecules loaded into the microarrays, leading to
the design of bacteria-sensing chips, made with in-house
deoxyribozyme-loaded 3D phage microarrays. The developed bacteria-sensing
chips achieve a limit of detection that is 100 × more sensitive with greater
reproducibility compared to two-dimensional (2D) microdot arrays and
correctly identify Legionella pneumophila in contaminated water samples
collected from industrial cooling towers, highlighting phage-built wrinkled
networks as a platform for bottom-up assembly of biological building blocks
into biofunctional material.
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1. Introduction

Inspired by nature, hierarchically struc-
tured biomimetic materials have been
revolutionizing fields ranging from tis-
sue engineering[1–3] to biosensing[4,5]

to (bio)fouling mitigation.[6,7] Wrinkled
materials are among the most versatile
hierarchical structures and have far-
reaching applications in wearables,[8]

flexible electronics,[9] energy conversion,[10]

and adhesive/repellent surfaces.[11,12] In
nature, wrinkled structures are made with
proteins as the foundational components
that drive the structural hierarchy and add
nanoarchitecture to the material. Likewise,
these foundational components are re-
sponsible for the unique functionalities
of wrinkled structures that would other-
wise be limited without them. Such added
capabilities include rapid environmental
trigger-response, as is the case of white
blood cells,[13] or contractility, as is the case
of esophageal mucosa.[14] Nature has so far
remained the exclusive engineer of such
sophisticated structures with biomimicry
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efforts hindered by the lack of compatible technologies and re-
liable methodologies that can preserve the nanoarchitecture of
proteins and proteinaceous bionanoparticle building blocks. One
of the most common methods of inducing wrinkles is utilizing
the mismatching deformation in a bilayer system composed of a
shrinkable substrate and the attached material. These properties
are commonly triggered by mechanical stretching,[15] heat (gen-
erally above 100 °C),[12,16–18] and/or solvents (such as ethanol and
toluene).[19–21] The heat-induced substrate shrinkage and solvent-
induced swelling shrinkage can efficiently create wrinkle pat-
terns. In doing so, however, these methods are known to dena-
ture proteins and proteinaceous bionanoparticles, thereby pre-
venting the desired nanoarchitecture.[22,23] The substrate stretch-
ing/release method is only applicable to very specific substrate-
coating combinations and is commonly accompanied by solvent
or heat that cannot be readily integrated into refined microprint-
ing systems.[15]

Viral nanoparticles such as bacteriophages (bacterial viruses)
are attractive candidates for introducing the missing nanoarchi-
tecture within engineered wrinkled structures. This is largely due
to their properties that are unmatched by engineered nanopar-
ticles, namely monodisperse self-replication, remarkable diver-
sity in shape and size, and precise control of surface chemistry
through chemical and/or genetic modification.[24,25] When lever-
aged together, these properties make bacteriophages powerful
natural building blocks for the next generation of biomimetic
designs.[26–28] Previous work has demonstrated that nanofila-
mentous phages are capable of self-organizing at high con-
centrations, forming 2D films,[29] bulk hydrogels,[30–32] and
spheres[33,34] leading to micro and macro scale materials with
powerful optical and structural properties. In total, viral-based
material platforms represent the next frontier for creating func-
tional 3D structural materials. Despite the enormous promise,
a universal method to induce wrinkled structures in various
biomolecule-based materials, including virus-build hierarchi-
cal scaffolds, while preserving their nanoarchitecture, remains
elusive.

To address this unmet technological need, we developed a
heat- and solvent-independent substrate-shrinkage approach that
allowed us to create phage microdots with unique 3D multi-
scale wrinkle morphology. A phage bioink was used to print
soft phage microarrays with controllable sizes on prestressed
polystyrene substrates (Figure 1a). Subsequent substrate shrink-
age triggered by high-pressure CO2 induced wrinkled morpholo-
gies on the printed phage microdots while preserving their so-
phisticated nanostructures; a result that could not be achieved
using existing heat or solvent-based shrinkage methods. As
the co-product of phage self-assembly and the shrinking pro-
cess, phage microdots presented with a unique four-level mul-
tiscale micro/nano-architecture with adjustable patterns from
sunflower-like to homogenous wrinkles. This demonstrates a
highly porous biointerface with a high specific surface area. The
hierarchical phage-built network was then used as a microscaf-
fold to design functional wrinkled structures with in-house de-
signed deoxy ribozymes (DNAzymes) for detecting pathogenic
strains of Legionella pneumophila in contaminated water samples
from cooling towers.

2. Results and Discussion

2.1. High-Throughput Printing of Phage-Built Microdot Arrays
with Nanoreticular Texture

We developed a high-throughput strategy to fabricate ordered
arrays of phage gel microdots onto shrinkable polystyrene sub-
strates. As illustrated in Figure 1a, we constructed a bioink con-
sisting of M13 nanofilamentous phages (1014 plaque-forming
units per mililiter, PFU mL−1) as the sole building blocks and
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 0.1 m) as
a zero-length crosslinker. An inkjet printer applied a nanoliter
droplet (as low as 0.65 nL) of bioink onto a substrate, creating
precise microdot arrays. The polystyrene substrate at this stage
was a flexible chip with visible ordered arrays of phage bioink
(Figure 1b). The substrate was then transferred to a sealed hu-
mid environment, where the bioink microdots gelled in situ and
solidified into phage gel microarrays. Each gel microdot repre-
sented an independent phage-exclusive network where nanofila-
mentous phages were crosslinked through amide bonds (details
in Note S1 and Figure S1, Supporting Information). At this stage,
the phage gel microdots exhibited 2D reticular texture (Figure 1c)
and the air-dried gels were flat round discs, regardless of the hy-
drophilicity of substrates (Figure 1d).

We further confirmed that the phage gel microdots are at-
tached firmly to the substrates, which is a critical prerequi-
site for wrinkling through substrate shrinkage. The phage gel
microdots remained in the original printed location after be-
ing immersed in water with shaking for 24 hrs (Figure 1e).
Notably, phage gel microdots printed on plasma-treated sub-
strates attached more firmly (Figure S2a, Supporting Informa-
tion), whereas fresh-printed phage bioink was washed off im-
mediately (Figure S2b, Supporting Information). The gelation
of phage bioink not only helped irreversibly attach phages to
the substrate, but it also improved the mechanical properties
of the microdots, which was verified through rheological char-
acterization (Figure 1f). At 12 hrs post-deposition, the ink be-
haved as a gel, which has a distinctly higher storage modulus (G′)
than loss modulus (G″) compared with the original phase (before
gelation).

The diameter of phage gel microdots was controlled by ad-
justing bioink volume and substrate hydrophilicity (Figure 1g).
The original polystyrene substrate had a water contact angle
of 95.4 ± 3.5°. By dosing the bioink volume for each dot be-
tween 3.25 and 26 nL, the diameter of the microdots varied
from 222.5 ± 7.8 μm to 338.8 ± 6.0 μm. The bioink volume
can be further increased to achieve a broader size range. In ad-
dition to controlling the bioink volume, plasma treatment on
substrates reduced the contact angle of the polystyrene sub-
strate significantly (to 19.9 ± 1.4°), increasing the hydrophilic-
ity of the substrate. Consequently, the same volume of bioink
spread covered a larger footprint on the substrate, further broad-
ening the range of the microdot diameter (between 251.5 ± 7.7
μm and 577.65 ± 13.95 μm). Hydrophilicity treatment adds to
our ability to fine-tune the size of the microdots, and as will
be explained below, was also observed to affect the wrinkling
morphology.
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Figure 1. Inkjet printing of phage bioink on polystyrene substrates. a) Schematic of high-throughput printing of phage bioinks and crosslinking chemistry
leading to the formation of an ordered array of phage gel microdots. b) Pictures of a flexible chip with phage bioink microarrays, visible as white dots.
c) Fluorescence images of air-dried phage gel microdot made with fluorescein-tagged phages (scale bar: 100 μm) and a higher magnification area
showing 2D reticular texture (scale bar: 10 μm). d) Top: Reconstructed 3D confocal image of the phage gel microdot from panel c. Bottom: Confocal
Z-stack images of the cross-section of microdots printed on untreated and plasma-treated substrates respectively. Scale bar: 100 μm. e) Photos of
phage gel microdot arrays on a plasma-treated substrate before and after immersing in water with shaking at 270 rpm for 24 h. Scale bar: 5 mm.
f) Rheological characterization of phage bioink before and after gelation. Left: Storage modulus (G’) and loss modulus (G”) of the bioink during amplitude
sweeps with oscillation strain ranging from 1% to 100%. Right: Frequency sweep curves for the bioink with frequencies ranging from 0.1 to 10 Hz with
10% strain. g) Size control of the phage gel microdots. Top: Wetting behaviors of a water droplet on an untreated polystyrene substrate (left) and
a treated polystyrene substrate (right). Middle: Bright field images of phage microdots printed on the corresponding substrate. Scale bar: 500 μm.
Bottom: Diameter distribution of phage microdots printed on corresponding substrates at different bioink volumes for each dot. n = 16 microdots from
4 independent experiments per group. Box plots showed minimum to maximum (whiskers), 25–75% (box), and median (band inside) with all data
points. Statistical significance was derived from one-way Analysis of Variance (ANOVA) with Tukey’s multiple comparison test. ****p-value <0.0001.
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2.2. Formation of Tunable Flower-Shaped Patterns on Phage
Microarrays via High-Pressure Carbon Dioxide Method

Avoiding high-temperature environments and organic solvents
is critical for applying shrinkage methods to phage-built mate-
rials. We realized wrinkling can be achieved by immersing the
printed phage gel microarrays into high-pressure carbon dioxide
(HPCD) at a protein-friendly temperature (≤physiological tem-
perature 37 °C) (Figure 2a). The surface of the original phage
gel microdots (13 nL bioink per dot) was flat at the microscale,
where ordered and aligned phage bundles at the sub-microscale
were observed (Figure 2b). In the HPCD environment (79 bar,
35 °C), the homogeneous shrinkage of prestrained polystyrene
(PPS) substrates drove these attached phage gel microdots to
crimp internally and fold. Consequently, all phage gel microdots
going through the HPCD method exhibited consistent flower-
shaped folds (Figure 2c). The central area of each microdot was
highly folded while the edge area only had several radial wrin-
kles. The fibrous texture was clearly visible, both in the center and
on the radial wrinkles. It is noteworthy that phage gel microdots
printed on unshrinkable glass substrates did not exhibit wrinkled
morphologies through the same process (Figure S3, Supporting
Information), indicating that the wrinkles were caused by the de-
signed substrate shrinkage, not any other factor in the HPCD
method.

To achieve a more homogenous morphology that could be ad-
vantageous for biosensing applications, the flower-shaped pat-
tern on phage gel microdots was diversified by adjusting mi-
crodot thickness. As shown in Figure 1g, hydrophilicity treat-
ment of PPS substrates led to the spreading of the bioink, in-
creasing its footprint while keeping the volume the same. This
resulted in the formation of larger phage microdots (indicating a
decreased thickness) with a similar submicron-bundle morphol-
ogy compared to the phage gel microdots on non-treated sub-
strates (Figure 1g; Figure S4, Supporting Information). The re-
duction in microdot thickness facilitated the formation of inter-
nal folds during substrate shrinkage, increasing the size of the
region with compact folds. The improvement of microdot attach-
ment on treated substrates (Figure S2a, Supporting Information)
is expected to have increased the shear force on the attached mi-
crodot further contributing to an increase in the region with com-
pact wrinkles. Consequently, the obtained pattern for these mi-
crodots through the same HPCD method was distinct compared
to those observed on untreated substrates (Figure 2d). The wrin-
kles at the central area of the microdot were narrow and curly,
while the edge had wider and radial wrinkles (packed closer than
radial wrinkles on the untreated substrate), resembling a “sun-
flower” structure. Furthermore, air-drying the microdots before
the HPCD process further decreased the microdot thickness and
consequently generated the most homogenous wrinkled mor-
phology (Figure 2e). Quantitatively, the wrinkle width at the cen-
tral area of phage gel microdots decreased significantly from 3.16
± 0.48 μm for the untreated substrate to 0.95 ± 0.23 μm after
switching to treated substrates (Figures S5 and S6, Supporting
Information). Pre-airdrying did not change the central wrinkle
morphology significantly (1.06 ± 0.22 μm). Instead, the effect
of pre-airdrying showed up on the morphology at the edge area
of microdots (Figure S7, Supporting Information), reducing the
wrinkle width from 3.89 ± 1.03 μm to 1.79 ± 0.25 μm (Figure S8,

Supporting Information). We further verified isotropic wrinkling
by quantifying the microdot diameter and the distance between
adjacent microdots after substrate shrinkage (Figure 2f). The de-
crease in phage gel microdot diameter through HPCD was 32.0%
for microdots on untreated substrates, and 37.0% for microdots
on treated substrates. This led to wrinkled microdots on treated
and untreated PPS to attain a similar size distribution at the
end of the shrinkage process. The different diameter decrease
ratios can be attributed to the tighter attachment of phage gel
microdots to plasma-treated PPS substrates, causing these mi-
crodots to experience a higher shear force at the microdot-PPS
interface during substrate shrinkage. The consistent distance re-
duction between phage gel microdots along the x and y direc-
tions clearly illustrated that the polystyrene shrinkage through
the HPCD method was isotropic.

In summary, the surface morphology of phage gel microdots
(wrinkling diameter and wrinkling pattern) was tuned by adjust-
ing the hydrophobicity of the substrate and pre-airdrying of the
phage gel microdots, representing three different flower-shaped
micropatterns, where the wrinkle width varied from 5.0 to 0.7
μm. These diverse morphologies with controllable wrinkle width
provided a robust range of microscaffold morphology and may
be used to optimize the performance of biorecognition elements
with different shapes, sizes, and conformations.

In addition to substrate surface pre-treatment, two other pa-
rameters were found to affect wrinkle morphology, namely mi-
crodot volume and phage concentration. Phage gel microdots
made with 3.25 nL droplets had similar wrinkle morphology as
microdots made with 13 nL under the same condition (Figure S9,
Supporting Information). The wrinkle width was not signifi-
cantly reduced (from 3.16 ± 0.48 μm to 2.63 ± 0.41 μm), indi-
cating that changing bioink volume alone could not effectively
manipulate the wrinkle structure or morphology (Figure S10,
Supporting Information). Concurrently, we found that reducing
phage concentration resulted in wrinkles being narrower and
more homogeneous. As shown in Figure S11a (Supporting Infor-
mation), reducing phage concentration by half (to 5 × 1013 PFU
mL−1) resulted in finer wrinkles and the expansion of the cen-
tral wrinkled area. This phenomenon was even more pronounced
when the concentration was further reduced to 2.5 × 1013 PFU
mL−1 (Figure S11b, Supporting Information). It should be noted
that the phage gel microdots were too soft at low phage concen-
trations, causing the deformation and breakage of some phage
gel microdots, leading us to conclude that hydrophilicity control
of the substrates was the more efficient and potentially scalable
method to tune the wrinkling morphology.

In one of the most widely adopted methods of wrinkling, PPS
shrinkage is triggered by heating above substrate glass transition
temperature (Tg = 102.6 °C), as reported in the literature[12,16]

and verified in Figure S12 (Supporting Information). We demon-
strated that heat shrinkage indeed created wrinkled morpholo-
gies on the attached phage gel microdots (Figure S13, Support-
ing Information). However, the wrinkled pattern can no longer
be described as a nano-reticular network because the fibrous mi-
cro/nanoarchitecture is almost completely destroyed. This ob-
servation proved that heat shrinkage failed to preserve the del-
icate and sophisticated nanostructures on phage gel microdots.
It further highlights the core advantage of the HPCD method,
namely being free of heat exposure, which makes it an ideal
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Figure 2. Tunable flower-shaped wrinkled patterns on phage gel microdots obtained through the high-pressure carbon dioxide (HPCD) method. a.
Schematic of the shrinkage of prestrained polystyrene substrate (PPS) in HPCD environment (79 bar, 35 °C) driving the crimp of attached phage gel
microdots, where different dot thicknesses resulted in different wrinkled morphologies. b–e) Left: Pictures of the phage gel microarrays with and without
the HPCD method. Right: SEM images of phage gel microdot array, a single microdot, and the microstructure of the dot. The microdots were made

Adv. Funct. Mater. 2024, 2414375 2414375 (5 of 14) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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approach to create wrinkled morphologies on materials made
with or containing biological entities or molecules sensitive to
high temperatures, such as proteins, peptides, antibodies, en-
zymes, and viruses/bacteriophages, thus preserving their sophis-
ticated micro/nanoarchitecture.

2.3. Shrinkage Mechanism in High-Pressure Carbon Dioxide
Environment for Prestrained Polystyrene Substrates

Motivated by the performance of the HPCD method in creating
tunable wrinkles in phage gel microdots, we further investigated
the mechanism behind the shrinkage behavior of PPS in an envi-
ronment of high-pressure CO2. Carbon dioxide at high pressure
has been reported as a plasticizer of regular polystyrene and some
other polymers where the absorbed CO2 molecules can increase
free volume and polymer segment mobility,[35,36] allowing chains
to move freely past one another and resulting in the drastic de-
crease of glass transition temperature (Tg) according to the Chow
model Equation (1)[37,38]

ln

(
Tg,HPCD

Tg,atm

)
= 𝛽 ⋅ [𝜃 ⋅ ln 𝜃 + (1 − 𝜃) ⋅ ln (1 − 𝜃)] (1)

where Tg,HPCD and Tg,atm are the glass transition temperatures of
polystyrene under high-pressure CO2 and at atmospheric pres-
sure, respectively; 𝛽 and 𝜃 are the nondimensional parameters
(details in Note S2, Supporting Information). It has been reported
that compared to regular polystyrene, polymer chains for PPS
are more aligned (resulting in birefringence) and spread apart
in the pre-stretched directions.[39] As illustrated in Figure 3a, for
2D PPS pre-stretched in both x and y directions, we hypothe-
sized that in the HPCD environment (79 bar), the reduction of
Tg allowed these polymer chains to reduce back to the more ran-
dom arrangement at 35 °C, which led to shrinkage of PPS along
the pre-stretched directions. The reduced alignment of polymer
chains was verified through the disappearance of birefringence
(Figure 3b) and increased Young’s modulus (Figure S14, Sup-
porting Information). A similar loss of birefringence was ob-
served after conventional heat shrinkage of PPS (Figure S15, Sup-
porting Information). It is worth noting that after CO2 was re-
moved, Tg of shrunk polystyrene reverted back to the same as
the original PPS (Figure 3c). The polystyrene surface remained
flat after shrinkage (Figure 3d; Figure S16, Supporting Informa-
tion), and the cross-sectional morphology showed no significant
change while the film became thicker (Figure S17, Supporting
Information), which suggests that polymer chains were homoge-
nously mobilized on both the surface and throughout the entirety
of the PPS material. We observed consistent and isotropic shrink-
age of PPS where the length and width both decreased 49.9 ±
1.7% (Figure 3e,f), independent of the size of the PPS. Prestrain-
ing of PPS, HPCD, and mild temperature increase above Tg,p

were all essential in this method as no shrinkage was observed
when any of these conditions were not met (details in Note S2
and Figures S18–S20, Supporting Information).

We further confirmed that the HPCD method could be ex-
tended to other shrinkable materials, demonstrated by inducing
anisotropic shrinkage of prestrained polyvinyl chloride, which
was pre-stretched in one direction (Note S3 and Figure S21, Sup-
porting Information). This observation further reinforces the hy-
pothesized mechanism of HPCD shrinkage, suggesting that the
HPCD method is suitable for diverse prestrained materials and
can potentially create more series of wrinkled patterns according
to the pre-strain direction/ratio of the substrates.

2.4. Unique Four-Level Hierarchical Structure of Wrinkled Phage
Gel Microarrays

To confirm that HPCD preserved the nanoarchitecture of the
3D phage gel microarrays, we explored the submicron-bundle
texture of the microscale wrinkles on phage gel microarrays.
As described above, orderly-aligned and closely-adjacent bundles
were apparent on the printed phage gel microdots before sub-
strate shrinkage (Figure 2b; Figures S3 and S4, Supporting In-
formation). The electron micrographs in Figure 2 suggested that
nanofilament alignment and the phage bundles were preserved
through the process of wrinkle formation. This led us to hypoth-
esize that we had in fact created four levels of hierarchy in the
wrinkled phage gel microdot, as illustrated in Figure 4a. To ver-
ify this hypothesis, we imaged and characterized each level of
hierarchy.

The substrate shrinkage process gave rise to the second-level
structure, namely the microscale wrinkles (width: ≈0.7–5.0 μm)
(Figure 4b), while the first level was the size-controllable phage
gel microdots, as previously described (diameter: 200–600 μm)
(Figure 1g). High-resolution electron micrographs of the mi-
croscale wrinkles showed ordered submicron-bundles (level-3)
on each wrinkle (Figure 4c). The width of submicron-bundles
was 102.5 ± 16.4 nm and was significantly higher than the width
of individual phage nanofibers (width: 6.6 nm, length: 880 nm).
The gaps between bundles increased (compared to flat phage gel
microdots, Figure S3, Supporting Information) because of fold-
ing. This phenomenon resulted in a more porous nanostructure.
It has been previously reported that phage nanofilaments are
able to self-assemble and form cholesteric liquid crystalline struc-
tures at high concentrations (above 0.2 mg mL−1),[26,29] explain-
ing how the phages in our bioink (1 × 1014 PFU mL−1, equivalent
to ≈2.7 mg mL−1) self-aligned and assembled into the observed
bundles. Roughness analysis of high magnification atomic force
micrographs confirmed the fourth level of hierarchy to be self-
assembled phage nanofilaments (width: ≈7 nm) that formed or-
dered the observed bundles (Figure 4d).

under different conditions: (b). Untreated substrate, without HPCD method. c) Untreated substrate, with HPCD method. d) Treated substrate, with HPCD
method. e) Treated substrate; phage gel microdots were pre-aired before the HPCD process. f) Left: schematic of the definition of microdot diameter
and distance. Middle: Diameter of microdots prepared with different preparation conditions. (n = 9, 15 microdots in 3 independent experiments for
untreated and treated groups, respectively). Right: Distance between two adjacent microdots on the x-axis and y-axis. n = 16 and 12 measurements in
3 independent experiments for untreated and treated groups, respectively. Box plots show minimum to maximum (whiskers), 25–75% (box), median
(band inside) with all data points. Statistical significance was derived from one-way ANOVA with Tukey’s multiple comparison test. ****p-value <0.0001.
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Figure 3. Shrinkage mechanism of prestrained polystyrene (PPS) films through high-pressure carbon dioxide (HPCD) method (79 bar, 35 °C).
a) Schematic of HPCD shrinkage mechanism. b) Left: Transmittance intensity at different rotation angles of PPS before and after HPCD shrinkage
under polarized optical microscopy. n = 3 independent experiments per condition. Data were presented as mean ± SD. Right: Polarized optical mi-
croscopy images of PPS at 0o and 45o before and after HPCD shrinkage, respectively. c) Glass transition temperature of the prestrained polystyrene
sheets. The dotted vertical line and arrows indicate the position of Tg. d) SEM images of the PPS surface before and after HPCD shrinkage. e) Photos
of three sizes of PPS before and after HPCD shrinkage. Three sizes were 35 mm × 25 mm, 25 mm × 20 mm, and 15 mm × 10 mm. f) Size change of
the three sizes of sheets in panel (e). n = 9 independent films per group. Data were presented as mean ± SD with all data points. Statistical significance
was derived from a paired t-test. ****p-value <0.0001.

We further verified that the same four levels of hierar-
chy could be observed when macroscale phage films were
processed by the HPCD method. A phage hydrogel film
over 4 cm2 exhibited homogenous microwrinkles through the
same approach, and the nanofibrous textures on the wrin-
kles were well-preserved (Figure S22, Supporting Informa-
tion). In addition, we verified that proteins could acquire a

wrinkled microstructure via the HPCD method. As shown in
Figure S23 (Supporting Information), microdots made with
2% bovine serum albumin (BSA), crosslinked with EDC,
formed similar “sunflower” morphology after the HPCD pro-
cess. However, the smooth surface of these wrinkles proved
again that the additional levels of the hierarchy of phage mi-
crodots (bundles and nanofibers) were a unique phenomenon

Adv. Funct. Mater. 2024, 2414375 2414375 (7 of 14) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Four-level hierarchical structures of phage gel microarrays after high-pressure carbon dioxide (HPCD) treatment. a) Schematic of the four-level
hierarchical structures on phage-built microarrays from microscale to nanoscale. b) Morphologies of the microdot surface before and after the formation
of microscale wrinkles. Left: 3D atomic force microscopy (AFM) images of the microdot surface before and after the height of the microdots. Right:
Surface roughness profile of the microdot surface with and without HPCD method. c) Submicron bundles aligning orderly on the micro wrinkles. Left:
SEM images of the bundles (coated with 3-nm Pt). Right: Width distribution of the nanobundles. n = 26 measurements in 4 independent experiments.
Violin plot lines indicated the 25th, 50th, and 75th percentile with all data points. d) Self-assembled phages nanofilaments composing the bundles. 1)
AFM images of the microwrinkles. 2) AFM images of the structure on the bundles. 3) Schematic of the phage alignment according to the AFM image.
4) Surface roughness profile of the bundles along the arrow direction in part 2.

Adv. Funct. Mater. 2024, 2414375 2414375 (8 of 14) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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generated by phage nanofilaments, not an artifact of the
HPCD process.

In summary, our data supports the hypothesized unique 4-
level hierarchical structure presented in Figure 4a for phage gel
microdots, which is not observed in control wrinkled structures
without phage. This is strong verification that the microscale or-
der imparted by liquid crystalline self-assembly of phages and
their unique consistent nanofibrous architecture was preserved
through the HPCD wrinkling method, while the heat-wrinkled
phage gel microdots lacked anything beyond a 2-level hierar-
chy (Figure S13, Supporting Information). Our HPCD method
thus proved to be a breakthrough in enabling the engineering
of nature-inspired levels of hierarchy using biological building
blocks.

2.5. Biofunctional Phage-Built Microscaffolds with Dnazymes for
Detecting Pathogenic Legionella pneumophila

The developed 3D wrinkled phage gel microarrays enabled by the
HPCD method offer greater levels of hierarchy than any other
wrinkled structure, suggesting a higher surface area that could
enhance the sensitivity of microarrays for biosensing compared
to commonly used 2D arrays. Applying the phage-built microscaf-
folds for biosensing applications required two critical character-
istics, namely structural stability, and the protection of loaded
biorecognition elements (e.g., antibodies or DNAzymes). We ob-
served long-term preservation of the wrinkled morphology of
phage gel microdots even when exposed to long-term (72-hrs)
shear forces underwater with shaking (270 rpm) (Figure S24,
Supporting Information). Loading of biorecognition molecules
into the structural microscaffolds was achieved through print-
ing a hybrid bioink (phages, crosslinker, and biorecognition el-
ements) followed by HPCD substrate shrinkage. Both the anti-
body and DNAzyme we employed have amine groups that can
participate in the crosslinking reaction, enabling their conjuga-
tion to the phage network.[40–43] We observed that the loaded an-
tibodies (Figure 5a,b, details in Note S4, Supporting Informa-
tion) and DNAzymes (Figure S25, Supporting Information) re-
mained bioactive, proving that the HPCD method did not affect
the bioactivity of cargo in the phage gel micro scaffolds. Inter-
estingly, the signal from the biorecognition elements was signif-
icantly increased after the HPCD process due to the formation
of 3D structures and increased surface density of fluorophores
(Figure 5a,b; Figures S25 and S26, Supporting Information). The
wrinkled phage-DNAzyme microarrays on untreated substrates
exhibited a strong fluorescence signal that was 95.1% higher than
the flat microdots while this signal intensity increased by 481.9%
for the microarrays on treated substrates (Figure S25, Support-
ing Information). It can be concluded that in addition to enrich-
ing and protecting the sophisticated structures of phage gel mi-
croscaffold, the HPCD method was able to preserve the biofunc-
tionality of loaded biomolecules.

After confirming the preservation of biorecognition elements
in the HPCD method, the biosensing efficacy of phage microscaf-
folds was evaluated by loading an in-house aminated RNA-
cleaving fluorescent DNAzymes (RFDs) specific to Legionella
pneumophila, a pathogenic bacterium commonly found in lakes,
rivers, and cooling towers in heating, ventilation, and air condi-

tioning systems. L. pneumophila is the most common cause of
waterborne outbreaks worldwide and is associated with severe
clinical risks, including respiratory failure, shock, and acute kid-
ney and multi-organ failure.[44] To mitigate these clinical risks,
and to ultimately save lives, a stable and biofriendly water-body
detection tool is needed.[44] The in-house L. pneumophila-specific
RFDs were composed of an enzymatic and a fluorophore-labeled
substrate strand, hybridized to one another.[40–43] When exposed
to L. pneumophila, the enzymatic strand interacted with a species-
specific protein, subsequently inducing cleavage at a ribonu-
cleotide site present on the substrate strand and yielding release
of the fluorophore. The resultant decrease in fluorescence out-
put signaled the presence of L. pneumophila.[41] We hypothesized
that loading RFDs into the phage microscaffold would integrate,
protect, and significantly enhance signal compared to flat 2D mi-
croarrays, enabling rapid and direct detection of L. pneumophila
from environmental samples without the need for slow and labo-
rious culture-based methods (Figure 5c).

As shown in Figure 5d, the addition of RFDs did not inter-
fere with the hierarchical structures of phage-built microscaf-
folds; RFDs were homogenously distributed throughout the mi-
crodot (Figure 5e). To evaluate performance, we first assessed the
original fluorescence signal on flat and wrinkled phage-RFD mi-
crodots relative to flat RFD arrays covalently printed onto planar
glass substrates (Figure 5f). Quantitively, the flat phage-RFD mi-
crodots exhibited a 264.9% increase in fluorescence intensity rel-
ative to the planar RFD arrays, partially supporting the claim that
RFD was significantly integrated in the microscaffolds. Further-
more, the HPCD shrinkage method concentrated the embedded
RFD to a hierarchical 3D matrix with a smaller diameter and
greater depth, resulting in a further 101.2% increase in fluores-
cence signal over the flat phage-RFD microdots. To evaluate the
immobilization stability of RFDs, the microarrays were washed
with buffer solution for 24 h. As shown in Figure 5g, over 56.0%
of RFDs were eluted from planar RFD arrays. In contrast, the
flat phage-RFD microdots only lost 17.2% signal and the wrin-
kled phage-RFD microdots further reduced this loss to only 4.0%.
These results illustrate the significantly higher stable immobi-
lization of RFDs in phage microscaffolds.

After confirming the hypothesized advantages of employing
phage-built wrinkled gels as microscaffolds for the DNAzymes,
we applied the wrinkled phage-RFD microarray as biosensors
for L. pneumophila detection. The pre-washed microarrays were
incubated in crude extracellular solution extracted from differ-
ent concentrations of L. pneumophila cultures (105 to 108 CFU
mL−1) for 24 h. Flat phage microarrays were tested in paral-
lel to evaluate the impact of the wrinkled structure on biosens-
ing. As shown in Figure 5h, the wrinkled phage microdot ar-
rays offered a significantly greater decrease in fluorescence sig-
nal compared to their flat counterparts. Furthermore, wherein
the flat microdots offered a limit of detection (LOD) of 107 CFU
mL−1, the wrinkled phage microdots exhibited an LOD of 105

CFU mL−1. It is worth noting that wrinkled microdots yielded
more consistent readouts as evidenced by the coefficient of vari-
ation (CV) data presented in Table S1 (Supporting Information).
Specifically, the wrinkled morphologies resulted in a drastic re-
duction in CV values when detecting L. pneumophila cultures,
decreasing from 65.50% to 18.22% at higher concentrations and
from 412.61% to 39.23% at lower concentrations. This 2-log

Adv. Funct. Mater. 2024, 2414375 2414375 (9 of 14) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Phage-built microscaffolds loaded with biorecognition molecules for biosensing applications. a) Schematic illustration of the process for
evaluating the structural stability of phage microscaffolds loaded with biotinylated antibody interleukin 6 before and after HPCD shrinkage. b) Left:
Fluorescence images of flat and wrinkled phage-antibody microarrays after incubating with streptavidin-cy5. Right: Fluorescence intensity of flat and
wrinkled phage-antibody microarrays relative to flat and wrinkled phage-exclusive microarrays (control) after incubating with streptavidin-cy5. n = 12
microdots in 3 independent experiments per group. ****p-value< 0.0001, and p= 0.5244 between two controls. Scale bar: 1 mm. c) Schematic illustration

Adv. Funct. Mater. 2024, 2414375 2414375 (10 of 14) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202414375 by M
cm

aster U
niversity L

ibrary C
o, W

iley O
nline L

ibrary on [06/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

improvement in detection sensitivity and more consistent mea-
surement is attributed to the higher density of RFDs within the
wrinkled matrices, paired with a larger surface area, which offers
greater access to embedded RFDs. Finally, the wrinkled phage
microdot arrays were applied for a blind test of real-world cooling
tower water samples (coded as samples 1, 2, 3) acquired from in-
dustrial plants in Canada (Figure 5i). Samples 1 and 2 showed sig-
nificant fluorescent decreases of 62.2% and 32.7%, respectively,
while the reduction of sample 3 was near 0%, indicating that the
cooling tower samples 1–2 posed a risk for L. pneumophila con-
taminations. This output matched with the culture results, where
L. pneumophila was positively identified in samples 1 and 2, while
sample 3 was culture negative. The combined results prove the
effectiveness and accuracy of phage-RFD microsensors for the
detection of L. pneumophila in real-world samples.

3. Conclusion

Two general approaches exist for creating artificial tiered
structures, namely top-down, or reductive manufacturing, and
bottom-up, or additive manufacturing. No method in either cate-
gory, however, has succeeded in creating hierarchical structures
with biomolecules as the building blocks, and thus biological en-
tities have remained the exclusive engineers of such constructs.
In addition, and as a direct consequence of this gap in tech-
nology, artificial wrinkled structures made with a single mate-
rial have, to date, all been 1- or 2-level structures,[45,46] and 3-
level or higher hierarchies have mainly been achieved by incorpo-
rating engineered nanoparticles or additional polymer/inorganic
coatings in the wrinkled structures.[12,16,47,48] Artificial 4-level hi-
erarchies made with a single material have been challenging
to achieve. The HPCD method addresses this clear technology
gap and, in doing so, unleashes the power of biological enti-
ties as building blocks for bioinspired hierarchical structures.
This method not only makes it possible to use natural biologi-
cal entities as building blocks for wrinkled material, but it also
enables the creation of higher levels of hierarchy through the
preservation of the sophisticated nanoarchitecture of the biologi-
cal building blocks. Employing nanofilamentous viral nanopar-
ticles as building blocks imparts an additional level of hierar-
chy to the final wrinkled structure because of their tendency for
nanocrystalline self-organization; an ordered structure that other
methods of wrinkling fail to preserve. This technology, therefore,

allows us to draw from the remarkable diversity of the biological
world to create sophisticated bioinspired architectures in bioma-
terials and interfaces. Viral nanoparticles offer immense diversity
in virion nanoarchitecture, geometrical shape, size, and surface
chemistry, in addition to the ability to self-propagate into pseudo
monodisperse batches and the potential for self-organization. All
of these properties go well above and beyond what engineered
nanoparticles, pure or in combination with one another, can ever
offer. We demonstrated the power of the HPCD method for build-
ing directly with natural biological nanoparticles by creating a 4-
level hierarchy using a bioink made of phages and a zero-length
crosslinker (forming a phage-exclusive network). The diameter
of the level-1 structure, the microdots, can be adjusted between
200 μm and 600 μm by controlling the volume of bioink and the
hydrophilicity of the substrate (Figure 1g). The width of the level-
2 structure, wrinkles, can be adjusted between 1 and 4 μm by
controlling the hydrophilicity of the substrate and the thickness
of the microdots (Figure 2; Figures S6, S8, and S10, Support-
ing Information). Notably, the wrinkle patterns can potentially
be potentially controlled by adjusting the HPCD treatment time
with further optimization. The width of the level-3 structure, sub-
micron wrinkles, can potentially be controlled by adjusting the
phage concentration in the bioink, although the concentration
range is narrow for consistent microdot formation (Figure S11,
Supporting Information). The width of the level-4 structure, fil-
amentous phages, can potentially be controlled by adding mod-
ifications to the protein capsid of M13 phages or by employing
other phages with different sizes.

It should be noted that the few other bioinks reported to date
that contain phage, used phages as added bioagents and not
as building blocks.[49,50] This phage-exclusive network exhibited
highly ordered liquid crystalline alignment, which was immacu-
lately preserved through the wrinkling process. We created two
additional layers of hierarchy to what has been achievable in a
pure material as a direct consequence of addressing the gap in
technology, which could contribute to further advances in nan-
otechnology for years to come.

Biological building blocks can offer a more powerful function-
ality, beyond nanoarchitecture and physical intelligence (i.e., self-
assembly), namely biorecognition. Biorecognition can be added
using biological entities such as antibodies, enzymes, or nucleic
acids, all of which are deactivated in high heat used for ther-
mal substrate shrinkage or solvent vapors such as toluene used
for solvent-based substrate shrinkage. Researchers have thus not

of the process for applying phage-RFD microarrays for Legionella pneumophila detection. RFDs: aminated RNA-cleaving fluorescent DNAzymes. d) SEM
images of a phage-RFD microdot (scale bar: 50 μm) and higher magnification view (scale bar: 10 μm) showing surface morphology. e) Left: Reconstructed
3D confocal image of a phage-RFD microarray. Right: Fluorescence intensity profile of the six microdots in the array across the z-axis (scale bar: 200 μm).
f) Initial fluorescence intensity of flat and wrinkled phage-RFD microarrays relative to flat, 2D RFD arrays. n = 4 independent experiments per group.
g) Decrease ratio of fluorescence signal in flat/wrinkled phage-RFD and phage gel microarrays after washing, i.e., incubating in the buffer solution for
24 hrs. n = 8 independent microarrays for the wrinkled group, and n = 4 independent microarrays for each of the other two groups. h) Decrease the ratio
of the fluorescence signal of washed flat and wrinkled phage-RFD microarrays after 24-h incubation with buffer solution (control) and the extracellular
solution extracted from L. pneumophila culture solution at different titer. n = 12 microdots in 3 independent experiments per group. **p-value = 0.0035
and 0.0040 (wrinkled microdots). ns (not significant) p-value = 0.0752 and 0.8899 (flat microdots) for the group of 106 and 105 CFU mL−1, respectively.
i) L. pneumophila test of real-world liquid samples of contaminated water (sample 1: culture +, sample 2: culture +, sample 3: culture -) collected from
cooling towers, using wrinkled phage-RFD microdot arrays. n = 12 microdots in 3 independent experiments per group. ****p-value (between sample 1
or 2 and the wrinkled control group in panel (h) <0.0001. ns (not significant) p-value (between sample 3 and the wrinkled control group in panel (h)
>0.999. p-value <0.05 between a test sample and a control (bacteria-free water) is considered L. pneumophila-positive. Box plots showed minimum to
maximum (whiskers), 25–75% (box), and median (band inside) with all data points. Bar charts were presented as mean ± SD. Statistical significance
was derived from two-way ANOVA with Tukey’s multiple comparison test.
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been able to incorporate the biorecognition elements directly into
the substrate prior to shrinkage; these are usually added after
wrinkling, which can result in low and/or inhomogeneous cover-
age, partially negating the added benefit of wrinkling for increas-
ing the sensing surface area. We demonstrated that our biorecog-
nition element of choice (DNAzyme) remained active during the
HPCD process and thus proved that using HPCD shrinkage,
functional wrinkles can be created with DNAzyme incorporated
directly in the phage matrix during cross-linking. This results
in a higher degree of surface coverage and greater homology in
three dimensions. It is also a more streamlined process for cre-
ating functional wrinkles (one pot vs step-wise). The wrinkle pat-
terns were further verified to be tunable; this is very powerful be-
cause the same wrinkle pattern/density may not be optimal for
different biorecognition elements (55 nm T7 phage vs 20–60 °A
aptamer). Following the same logic, the same wrinkle density
may not be suitable for detecting circulating tumor cells in blood
(∼10 μm) and small molecule chemical pollutants in water (a few
angstroms). Tunability means that, in theory, we can design the
shape and wrinkle density that would increase the bioavailabil-
ity of the biological entity or biorecognition molecule of inter-
est, and/or decrease the mass transfer limitations for the ana-
lyte being detected based on its size and shape. The strength of
the HPCD method for creating functional wrinkles lies in the
fact that regardless of the size biorecognition element or the pat-
tern/density of the wrinkles, the biorecognition element is homo-
geneously distributed on the surface and inside the phage matrix.
The latter could enable us to make functional wrinkles with con-
trolled release or triggered release behavior, releasing the biolog-
ical or therapeutic of choice from the bulk of the wrinkles slowly
with time or in response to environmental triggers.

We verified the mechanism of action for HPCD shrinkage to
be the decrease in glass transition temperature of the substrate
mediated by high-pressure carbon dioxide gas. This method can
create diverse wrinkled morphologies in 2D or 3D materials
where the materials can be in nano, micro, or macro scale, using
a wide range of pre-strained polystyrene substrates (which can in
theory be of any shape and curvature, flat or 3D). We confirmed
that this mechanism works for other polymeric substrates; how-
ever, our workflow was constrained. We were able to shrink pre-
strained substrates if the substrate’s Tg could be reduced to below
35 °C by CO2 gas at 74 bars. We acknowledge that our setup lim-
ited the substrates we could verify to those with a specific phase
diagram. With a pressurized chamber that could independently
control temperature and pressure, it would be possible to investi-
gate a wider range of polymeric substrates. It is also possible that
other small molecule gases may have a similar effect on poly-
meric substrates, as there are a few reports on hydrogen gas act-
ing as a plasticizer,[51] but this needs to be further explored. It
is noteworthy that one of the limitations we came across in cre-
ating the 4-level structure was the mechanical properties of the
substrate. For example, even though PVC could be readily shrunk
with HPCD, the material is too soft and can bend during shrink-
age, distorting a portion of the phage microdots.

In summary, we addressed a gap in bio/nanotechnology by
developing a biologics-friendly method for creating bioinspired
multi-level tiered structures. This allowed us to preserve the
biorecognition ability of DNAzyme and create homogenously
functional wrinkled structures in one pot. It also enabled the

creation of a hierarchy of length scales, which is prevalent in bi-
ological constructs, in engineered material/interfaces by adding
the physical intelligence of our biological building blocks (phage
nanoparticles) as well as their nanoarchitecture to the final con-
struct, thus creating a material with four levels of basic patterns
coexisting at different length scales. Other fibrous materials, re-
gardless of nature biomaterials like microbial nanowires[52–54] or
semiconductor nanorods,[55] could potentially acquire similar hi-
erarchical patterns with enhanced biofunctions with this method.

4. Experimental Section
Phage Propagation, Purification, and Concentration: To propagate M13

phage at a large scale, a single colony of Escherichia coli ER2738 (New
England Biolabs Ltd., E4104S) was first inoculated in 4 mL of sterile LB
medium and incubated for 10 h at 37 °C with 210 rpm shaking. Sub-
sequently, 2.5 mL of the E. coli culture (≈109 CFU mL−1) and 10 μL of
M13 phage (1012 PFU mL−1, the American Type Culture Collection, 15669-
B1) were added to 250 mL of sterile LB broth and incubated overnight
at 210 rpm at 37 °C. The propagated phage culture was then centrifuged
at 7000 × g for 15 min. After discarding the bacterial pellet, the phage-
containing supernatant was then purified by following the procedure de-
scribed by Sambrook.[56] Briefly, the phage supernatant was mixed in a
sterile polyethylene glycol (PEG) solution (20% PEG, 2.5 m NaCl) and
stored in a fridge at 4 °C overnight. The following day, the PEG-phage so-
lution was centrifuged at 5000 × g and 4 °C for 25 mins to precipitate M13
phages. The pelleted phages were resuspended in 5 mL of sterilized water
and gently shaken overnight on a roller at 4 °C. The resuspended phage
solution was again centrifuged at 5000 × g for 30 mins to remove any
bacterial remnants. The resulting phage solution was concentrated using
100 kDa and 30 kDa centrifugal filters (Millipore Sigma, Ultra-15) to re-
move excess water. The final phage concentration was evaluated using the
plaque assay method.[57]

Inkjet Printing of Phage Microgel Array: M13 bacteriophage (1 × 1014

PFU mL−1) was mixed with EDC (0.1 m) to constitute the bioink. Option-
ally, the polystyrene substrates (Grafix shrink film, transparent, purchased
from Amazon) were treated with CO2 plasma for 3 min through a plasma
system (Plasma Etch, Inc.). A Scienion printer was subsequently used to
print the bioink onto the substrates under 75% relative humidity, and the
ink volume on the spot was tuned from 3.25 to 13 nL. Then the samples
were transferred to a sealed humid box for 12 h for phage gelation. Af-
terward, the samples were washed with MilliQ water 3 times to remove
redundant EDC.

High-Pressure Carbon Dioxide (HPCD) Method: The prestrained
polystyrene substrates (with and without phage microarrays) were placed
in a Leica critical point dryer (EM CPD300). The process was similar to crit-
ical point dry but without the involvement of ethanol. The sample chamber
was firstly cooled to 14 °C to allow for the filling with liquid CO2, and the
chamber pressure climbed to the 55 bar range during this phase. Subse-
quently, the chamber was heated to 35 °C slowly (taking ≈1 hr). As the tem-
perature rose, the pressure slowly increased to a maximum of 79 bar. As
CO2 transitioned to its gaseous phase, the gas was slowly released for 2 h
until the chamber was back down to 1 bar. Then the substrates were taken
out for characterization and further experiments.

Scanning Electron Microscopy: Prior to imaging, the samples were de-
hydrated by air drying. Two types of Scanning Electron Microscopy (SEM)
were used to image the microdots. TESCAN VEGA-II LSU SEM was used
to image the polystyrene substrate and wrinkled microstructures of the
samples, where 10-nm layers of gold were coated onto the samples in ad-
vance. A field emission scanning electron microscope (FEI Magellan 400)
was used to image the submicron-scale bundles on the wrinkles, where
3-nm layers of Pt were coated onto the samples in advance. The diameter
and distance of phage microdots were analyzed by ImageJ based on the
SEM images.

Quantification of Width of Wrinkles: To determine the width of wrin-
kles, SEM images of wrinkled structures were first adjusted for contrast as
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shown in Figure S5 (Supporting Information). At least 50 wrinkles from
5 different images per group were manually selected and measured on
ImageJ.

Atomic Force Microscopy: Atomic force microscopy images were col-
lected using an MFP3D AFM (Asylum Research, Santa Barbara, CA) and
a probe tip (Hi’Res-C14, μmash) with a spike radius below 1 nm, a typi-
cal spring constant of 5.0 N m−1 and resonance frequency ranging from
110–220 kHz. Igor Pro 6.0 (WaveMetrics, Inc. Lake Oswego, OR) and the
Asylum software package (Asylum Research, Santa Barbara, CA) were ap-
plied to process AFM images and analyze surface roughness.

Inverted Fluorescence Microscopy: Bright-field and fluorescent micro-
graphs of the microarrays were obtained using an inverted microscope
(Nikon Eclipse Ti2 inverted microscope). Fluorescent micrographs were
captured using different optical filter sets according to the applied flu-
orophore (green channel: ex/em = 465/515 nm; orange channel: ex/em
= 528/590 nm; red channel: ex/em = 625/670 nm). The intensity of the
light source and the exposure time were consistent. The associated NIS-
Elements Analysis software was applied to quantify the fluorescence of
microdots.

Phage-Antibody Microdot Testing: Human/primate IL-6 biotinylated
antibody (R&D systems, Ontario, Canada) was mixed with the phage
bioink at the concentration of 150 μg mL−1, as the phage-antibody bioink.
Following the same bioink printing process and HPCD method, flat and
wrinkled phage-antibody microarrays were fabricated. ELISA wash buffer
(R&D systems, Ontario, Canada) was used to wash the samples once
before incubation with Streptavidin eFluor™ 660 Conjugate (Fisher Sci-
entific, ON, Canada) at 1:1000 v:v in PBS. After 1 h incubation (37 °C,
210 rpm), the samples were washed twice with the wash buffer and char-
acterized by inverted fluorescence microscopy.

L. pneumophila Propagation and Quantification: L. pneumophila strain
Togus-1 (serotype 2, ATCC 33 154) was cultured onto phosphate-buffered
charcoal yeast extract (BYCE) agar plates from a frozen stock. The plates
were incubated at 37 °C for 3 days. Single colonies were then inoculated
within 5 mL of buffered yeast extract and grown to an OD600 of 1.1. Quan-
tification was performed via serial dilution plating of the resultant culture
on BYCE plates at 37 °C for 3 days, wherein a concentration of ≈109 CFU
mL−1 was subsequently observed. Crude extracellular mixtures were pre-
pared from these cultures via centrifugation at 6000 × g at 4 °C for 5 min.
The resultant supernatant was collected, processed through a 0.22 μm fil-
ter, and stored at −80 °C until use.

Phage-RFD Microdot Testing: L. pneumophila-specific RFD was
synthesized as reported by Rothenbroker et al[41] (sequence: 5′-
/Cy5/CTATGAACTGACTrATGACCTCACTACCAAGCAAGCATGGACAATAC-
CGAGCCTTTCATTTCAGCCGATCATACCTCAATGTAGATAAGCACATCTTG-
TCATCGGAGGCTTAG/AmMO/ -3′), and incorporated into the microdot
solution prior to nanoplotter-mediated deposition to induce homoge-
nous distribution within the 3D structure. Planar, 2D sensors involved
EDC/NHS-mediated attachment to CO2 plasma-activated glass sub-
strates. Fluorescence characterization involved the use of a Nikon A1R
Upright Confocal microscope. All sensing samples were imaged prior
to testing to establish baseline fluorescence. Positive control samples
were incubated with 1 m NaOH, while negative control samples were
incubated with a reaction buffer composed of 30 mm MgCl2 – an agent
necessary for RFD function. L. pneumophila testing employed serially
diluted crude extracellular mixture samples diluted in 30 mm MgCl2
reaction buffer. Following incubation for 24 h at 37 °C, samples were
briefly washed in deionized water, air dried, and imaged. Post-testing
fluorescence intensity was compared to the baseline, pre-testing in-
tensity of a given sample to obtain a percent decrease. Target-specific
signal values represent the fluorescence decrease of a given test sam-
ple less the non-specific fluorescence decrease of a paired control
sample.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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